Seven strains of bacteria were isolated from Pacific oysters, Crassosfrea gigas, with a focal or systemic disease. The strains were aerobic, Gram-positive, acidfast, produced a mycelium which fragmented into irregular rod-like elements, had a peptidoglycan containing rneso-diaminopimelic acid, arabinose and galactose as major sugars, mycolic acids with 46-58 carbon atoms and G+C-rich DNA. All of these properties are consistent with the classification of the organisms in the genus Nocardia. A partial sequence of the 165 rRNA gene of isolate NB4H was determined following isolation and cloning of the PCRamplified gene. The sequence was aligned with those of representative mycolic-acid-containing taxa and a phylogenetic tree was generated using the neighbour-joining method. It was evident from the phylogenetic tree that the three strains tested, RBI, OB3P and NB4H, were identical and belonged to the Nocardia of i f idisca viarurn r RN A su b-g rou p. The b i o c hem i ca I, c hem i ca I, morphological and physiological properties of the isolates were also essentially identical and served to distinguish them from representative nocardiae. It is, therefore, proposed that the strains isolated from the diseased Pacific oysters be assigned to a new species, Nocardia crassosfreae. The type strain is NB4H (= ATCC 700418).
INTRODUCTION
The genus Nocardia encompasses several species that cause clinical diseases in animals, including humans (1 0, 1 1, 30) . Nocardiae can be identified with certainty only by laboratory means and their occurrence is almost certainly underestimated. Nevertheless, it is known that nocardiae can infect a large variety of mammals, such as cats (3), and several species of fish such as Hyphessobycon innesi (neon tetras), Oncorhynchus mykiss (rainbow trout; 39) and Seriola quinqueradiata (Japanese yellowtail; 18). A Nocardia-like bacterium was recently isolated from cultured Pacific oysters, Crassostrea gigas, which experience summer mortality in several embayments in British Columbia, Canada, and the State of Washington, USA (7, 8) . The infected oysters often contained focal areas of brown discolouration on the mantle or raised green or yellow nodules in the adductor muscle, gills, heart and mantle. The nodules were composed of host haemocytes surrounding Gram-positive, acid-fast filamentous bacteria. Initial identification of the bacterium as a member of the genus Nocardia was based on morphological and tinctorial characteristics. The disease was, therefore, called Pacific oyster nocardiosis
The recognition of Gordona amarae (12, 20, 36) and Skermania piniformis (3) as organisms previously classified as nocardiae leaves the genus Nocardia as a homogeneous taxon encompassing ten validly described species. Members of the genus form extensively branched, substrate hyphae which fragment into rodshaped, non-motile elements ; aerial hyphae are usually formed but are sometimes only visible microscopically (11, 14, 15) . Nocardiae are also characterized by a number of chemical markers, including the presence of meso-diaminopimelic acid (meso-DAP), arabinose and through a graded series of acetone concentrations and embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate and sections were viewed and photographed using a Phillips EM400 electron microscope.
Biochemical characterization. The seven isolates and four reference strains of Nocardia (Table 2) were examined for their ability to form acid from D-and L-arabinose, galactose, glucose, meso-inositol, lactose, maltose, D-mannitol, sucrose, trehalose and xylose using an inorganic nitrogen basal medium supplemented with 1 % (w/v) of the appropriate sugar (14). Bacterial suspensions in 2 YO saline were used to inoculate test tubes containing the medium prior to incubation at 28 "C for 1 month. Degradation of aesculin (0.1 %, w/v), casein (2 %, w/v), gelatin (0-4%, w/v), hypoxanthine (2 %, w/v), starch (2 O h , w/v), tyrosine (2 YO, w/v) and xanthine (2 %, w/v) were recorded after incubation at 25 "C for up to 6 weeks using established methods (13, 22) . Hydrolysis of Tweens 20 and 80 was detected in Sierra's medium (38) , following incubation at 25 "C for up to 1 month. The presence of urease was observed after 14d growth at 25 "C using Bacto urea base slants (Difco) and urease broth (40) . Similarly, resistance to catalase was determined on BHI slants after 14 d. The ability of the test strains to grow on citrate, creatine, ethanol, gluconic acid and propionic acid (at 1 O h , w/v) was examined using a carbon-free medium (13) . Growth was evaluated after 1 month at 28 "C by comparison with that of strains grown on BHI agar. Similarly, the ability of the strains to use salicin as a sole carbon source was determined as described by Goodfellow (9) . The organisms were also examined for their ability to grow on lysine, ornithine and valine (at 1 %, w/v) as sole sources of carbon and nitrogen using an established basal medium (13) . Resistance to 5-fluorouracil (20 pg ml-l), isoniazid (200 pg ml-'), mitomycin C (57 pg ml-l) and rifampicin (20 pg ml-l) was recorded following incubation at 25 "C for 1 week with glucose-yeast (both 5 % , w/v) agar as basal medium; presence or absence of growth was confirmed following subculture onto BHI agar. Survival at 50 "C was examined by incubating triplicate cultures of each organism in BHI tubes; after 8 h at 50 "C the inoculated tubes were cooled to 23 "C in a waterbath then held at this temperature for up to 1 month. Growth in the tubes was used to subculture onto BHI agar to confirm positive results. The organisms were also examined for their capacity to grow on BHI agar supplemented with sodium chloride (2 and 5 % , w/v) following incubation at 25 "C for up to 1 month. Similarly, the strains were observed for their ability to survive at 5 "C and to grow on BHI agar at 22 "C. Survival at 5 "C for 1 month was assessed following passage of bacteria onto fresh BHI agar and incubation at 22 "C. Visible growth after 5-7 d indicated survival.
Detection of isomers of DAP. The procedure of Staneck & Roberts (40) was used to prepare acid hydrolysates from biomass (300mg wet wt) of G. amarae strain Se-6 and the seven isolates from oysters. Aliquots of each sample (2-5 p1) were spotted along the bottom of thin-layer cellulose sheets (Eastman Kodak 13255), and the amino acids in the hydrolysates were separated for 16 h using the solvent system methanol, distilled water, 6 (3 1) . The MAMEs were visualized using UV illumination (266 nm), scrapped from the TLC plates, extracted three times in lipopure methanol (Allied Associates)/petroleum ether (1 : 4, v/v) and the preparations were centrifuged at 209 g for 10 rnin at 4 "C to pellet any residual silica dust. The supernatants were decanted into clean test tubes, dried under argon, resuspended in 1.0 ml isooctane and analysed by GLC using a procedure modified from Lechevalier et a/. (29, 30 ).
The samples were analysed using an Hewlett-Packard 5880A autoinjection gas chromatograph fitted with a flame-ionization detector and a capillary column (0.2 mm x 12 m DB-1 methyl-silicone-fused silica) following a protocol modified from that of Beaman & Moring (1). The initial oven temperature for the capillary column of 230 "C was followed by a 15 "C min-l linear gradient increase to 350 "C. The inlet temperature was 350 "C and the temperature of the flameionized detector was 375 "C. The retention time for each fatty acid methyl ester (FAME) and aldehyde pyrolysis product of the MAMEs of each strain examined was compared to that of a fatty acid standard (Applied Sciences Laboratories) or to aldehydes from pyrolysis of N . asteroides strain GUH-2 that were previously identified by GLC-MS (l), respectively. Mycolic acid chain-lengths were estimated by combining the chain-lengths of the smallest FAME and aldehyde products to yield the smallest parent MAME possible. The largest MAME was determined in the same manner.
Wall sugar analyses. Biomass (about 100mg wet wt) prepared from G. amarae strain Se-6, N . asteroides strain GUH-2 and the seven oyster isolates was hydrolysed at 95 "C for 15 h in 3 ml 2 M H,SO, (33), cooled to 23 "C, centrifuged at 1700 g for 10 min and passed through a 0.22 pm nylon filter (MicronSep; Magna Nylon Membrane Filters). Protein was precipitated from the samples by the addition of 1 : 10 (v/v) 60 YO perchloric acid. The resultant samples were split into two equal fractions for analysis by HPLC and paper chromatography, respectively. Solutions of 2 mg ml-' trehalose, D( -)-arabinose and/or D( +)-galactose in distilled water were used as standards.
Samples (5 pl) were manually injected into an HPLC apparatus fitted with a Waters 501 HPLC pump, a U6K injector and a 300 x 7.8 mm Bio-Rad cation-exchange column with a 9.0 pm particle size. The mobile phase was 0.01 M H,SO, at a rate of 0.6 ml min-l at 41 "C. Absorbance of each fraction at 193 mm was detected using a Kratos Spectroflow spectrophotometer. In the corresponding experiments, approximately 100 p1 of the bacterial extracts and standards were spotted onto Whatman no. 3 paper and analysed by descending paper chromatography according to the methods of Murray & Proctor (33) . Confirmation that the experimental samples co-migrated with the appropriate standards was determined by elution of parallel unstained fractions with approximately 200-300 pl distilled water followed by HPLC analysis. lsoprenoid quinone analysis. Menaquinones were extracted from freeze-dried biomass (50 mg) of strain NB4H and N . asteroides N3 1 7T using the small-scale procedure of Minnikin et al. (32) . Purified menaquinones were separated by HPLC, using a Pharmacia LKB instrument fitted with a Spherisorb octaldecylsilane column (5 pm) with acetonitrile/2-propanol (75 : 25, v/v) as the mobile phase. The menaquinones were detected at 254 nm.
Extraction of DNA. Nucleic acids were extracted from G. amarae strain Se-6, N . asteroides strain GUH-2, N . otitidiscaviarum strain 112, N . seriolae strain N-1 and from the seven isolates from oysters using modifications of established procedures (41, 43) . The strains were grown, at 28 "C on a rotary shaker at 150 r.p.m., to late-exponential phase in flasks of BHI broth buffered with sodium dihydrogen phosphate (2.75 g 1-l). The biomass was harvested by centrifugation at 7096 g for 20 rnin at 4 "C and transferred to BHI broth supplemented with glycine (4 %, w/v), then shaken at 150 r.p.m. for 48 h at 29 "C. The resultant growth was lysed with lysozyme (mg ml-') for 90 rnin at 37 "C and with SDS (5 YO, w/v) for 15 rnin at 37 "C (41). Nucleic acids were extracted from the aqueous phase using modifications of the method of Whipple et a/. (43) . The crude nucleic acids were pelleted by centrifugation (1 5 1 194 g, 20 rnin at 4 "C) and the supernatant was mixed with isopropyl alcohol (1 : 1, v/v) to precipitate any additional nucleic acids. The nucleic acids were pelleted as before, washed in 70% ethanol and then suspended in TE buffer (10 mM Tris/HCl, 1 mM EDTA) at pH 8-0. RNA was removed from the preparations by the addition of 0.5 vol. 7.5 M ammonium acetate followed by centrifugation at 9268 g for 10 rnin at 4 "C. The supernatant was added to 6 m12-propanol and the resultant mixture was centrifuged to pellet the DNA, which was resuspended in TE buffer. Proteinase K (1 mg ml-l) and SDS (1 YO, w/v) were added to the mixture and incubated at 50 "C for 1 h. The DNA was further extracted with TE-saturated phenol and purified according to methods of Whipple et a/. (43) .
DNA base composition. The G + C content of the DNA, prepared as described above, was determined by a method modified from that of Nelson et al. (35) . The DNA was heated in the cuvette of a spectrophotometer in 0.1 "C min-l increments from 72-90°C and absorbance was read at 260 nm.
PCR amplification and sequencing of the 165 rRNA gene.
Isolation of the chromosomal DNA, amplification, cloning and sequencing of the 16s rRNA gene of oyster isolates was carried out using the following two methods: (I) smallsubunit rRNAs for clinical bacterial isolates RB 1 , OB3P and NB4H were sequenced with a modified dsDNA template protocol as presented in Protocol p/n 402078-ABI Prism Dye Terminator Cycled Sequencing (Perkin-Elmer). The 16s rRNA gene was amplified from bacterial cells that were washed in an alkali solution and heat-lysed to liberate genomic DNA. PCR was performed using AmpliTaq Gold DNA polymerase (PE/Applied Biosystems). An initial incubation at 95 "C for 10 min was employed to activate the polymerase and increase the specificity of the PCR reaction. The amplification products were purified from excess primers and dNTPs using Microcon 100 (Amicon) molecular mass cut-off membranes. PCR products were checked for quality and quantity by agarose gel electrophoresis before carrying out cycle sequencing.
Cycle sequencing of the 16s rRNA amplification products was carried out using AmpliTaq FS DNA polymerase and they were labelled with dideoxy fluorescent dye terminators. Excess dye-labelled terminators were removed from the sequencing reaction mixture using a Sephadex G-50 spin column. The products were collected by centrifugation, dried and stored at -20 "C. Stored samples were resuspended in a solution of formamide/blue dextran/EDTA and denatured prior to loading on electrophoresis gels. A 5 % Long Ranger (FMC) polyacrylamide/urea gel was used to separate the sequencing reaction products. The gels were run for 6 h and data were analysed with PE/Applied Biosystems DNA editing and assembly software. Sequencing was done by MIDI Labs (Microbial ID).
(11) Small-subunit rRNAs of clinical bacterial isolate NB4H and of the 10 reference Nocardia species were sequenced with a Taq DyeDeoxy Terminator Cycle Sequencing Kit and an 373A DNA sequencer (both Applied Biosystems) as described previously (2). Phylogenetic analysis. The sequence editor and analysis program, version 3.0.4, of Gary J. Olsen was used for data entry, editing, sequence alignment, similarity matrix generation and output of tree diagrams (Fig. 3) . The program calculates the fractional sequence similarity and JukesCantor distance value for pairs of sequences (17) . Tree diagram construction was based on paired distance values. The OB3 sequence was also sent to the Ribosomal Database Project (RDP) for analysis (25). The RDP data (not shown) is consistent with our conclusions. In a separate trial, the 16s rRNA gene sequence of the oyster isolate NB4H was aligned manually against sequences of representative mycolic-acid-containing actinomycetes using the program AL16S to determine the secondary structure (2) . The additional sequence data were obtained from the RDP release 4 (25) and from our own entries. An evolutionary distance matrix was calculated using the JukesCantor algorithm (17) . A phylogenetic tree was constructed using the neighbour-joining method (36) with Arthrobacter globiformis DSM 20124T as the outgroup strain. The stability of the resultant tree was determined using the bootstrap method (5). All analyses were carried out using the PHYLIP package (6). Nucleotide sequence accession numbers. The two almost complete 16s rRNA sequences (1 5 13 
RESULTS

Mo r p holog ica I and staining properties
All seven strains isolated from diseased Pacific oysters were Gram-positive, acid-fast and produced a well-developed mycelium which fragmented into irregular rod-shaped forms. The colonies of these organisms were dry, waxy and wrinkled but did not carry aerial hyphae. The colonial morphology of the isolates differed from that of all of the Nocardia reference strains but was most similar to N . seriolae (Table 1) .
Electron microscopy
Photomicrographs of N. asteroides strain GUH-2 and oyster isolate RB29 demonstrated that both strains are emarginated by a trilaminar cell wall (Fig. 1) . The electron-dense peptidoglycan layer is separated from the cytoplasm by a less dense area. In addition, the outer wall is also separated from the murein layer by an electron-lucent layer.
Biochemical characterization
The seven strains isolated from the diseased Pacific oysters gave identical results for all of the tests. Both the isolates and the Nocardia reference strains were catalase-positive and urease-positive on slants (see Table 2 for urea broth results), hydrolysed aesculin, produced acid from glucose and sucrose, were resistant to lysozyme, grew in the presence of sodium chloride (2%, w/v), survived at 5 "C for 1 month and grew at 22 "C. These strains were unable to hydrolyse gelatin or starch, did not produce acid from D-or L-arabinose, galactose, lactose, maltose, rhamnose or xylose, were unable to use creatine or ethanol as sole carbon sources, or L-arginine and lysine as sole carbon and nitrogen sources, and did not grow at 5 "C. The biochemical and physiological properties which gave differential results are shown in Table 2 . The biochemical results of all reference strains were identical to those of the type strain of each nocardial species examined (9, 15, 26) .
Chemotaxonomic characterization
Whole-organism hydrolysates of G . amarae Se-6 and the seven strains from Pacific oysters contained meso-DAP. These organisms and N. asteroides strain GUH-2 were found to contain arabinose, galactose and glucose when whole-organism hydrolysates were analysed by HPLC; these sugars were also detected in Table 3 . The oyster pathogens contained mycolic acids with 4 6 5 8 carbon atoms, which on pyrolysis gave both odd-and even-numbered methyl mycolates (Fig. 2c, f) . Similarly, N . asteroides strain GUH-2 contained mycolates with 42-56 carbons and major GLC peaks representing methyl esters with even numbers of carbons, though traces of C13:o, C15:, and C,,., were detected. The mycolic acids of N . seriolae strain N-1 ranged from approximately C,, to C,, with pyrolysates primarily composed of even numbers of carbons ; the aldehyde products of this strain were longer than those of the other test strains. In all of the pyrolysis profiles mentioned above, the methyl esters were separated from the aldehydes (Fig. 2) . This was not the case with M . paratuberculosis strain 116 or Rhodococcus strain SL. The pyrolysis pattern of the M . paratuberculosis strain 116 differed from all of the other profiles as only one major methyl ester, CZ4, eluted from the column (Fig. 2d) .
rDNA sequence analysis
Three almost complete 16s rRNA sequences were obtained from oyster isolates NB4H (1473 nucleotides), RB 1 (1 5 13 nucleotides) and OB3P (1 5 13 nucleotides). The three isolates had almost identical sequences (99.9-100.0 YO similarity). The phylogenetic position of strain NB4H amongst the representative mycolic-acid-containing actinomycetes is shown in Fig. 3 . This strain clearly belongs to the N . otitidiscaviarum sub-group and is most closely related to N.
nova (97.6 YO similarity), N. otitidiscaviarum (97. 8 YO) and N. seriolae (97.3 YO), though these relationships are not supported by particularly high bootstrap values.
DISCUSSION
The biochemical, chemical, morphological and physiological characteristics of the seven bacterial isolates from diseased Pacific oysters from different locations were essentially identical. All of the isolates were Gram-positive, acid-fast, produced a mycelium which fragmented into irregular rod-like elements, had a peptidoglycan containing meso-DAP, arabinose and galactose as major sugars, mycolic acids with 46-58 carbon atoms and G + C-rich DNA. In addition, strain NB4H contained predominant amounts of hexahydrogenated menaquinones in which the two end units were cyclized. All of these properties are consistent with the classification of the isolates in the genus Nocardia (9, 11, 21 ). This conclusion is supported by the 16s rDNA sequence data. It is also interesting that the nucleotide similarities found between the test strains and the representatives of the validly described species of Nocardia are in the same order of magnitude as those found between representatives of the various established species (2) .
It has been recommended that nomenclature should reflect genomic relationships (42), though confirmatory phenotypic data should be sought before new names are introduced (34) . It is, therefore, particularly encouraging that the strains isolated from diseased Pacific oysters can be separated from representative nocardiae using a combination of biochemical, chemical and physiological properties. 
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interesting that the relative proportions and sizes of the aldehyde and methyl ester pyrolysis products differed amongst the test and reference strains (Fig. 2) . The strains isolated from the aquatic hosts were characterized by the presence of more methyl esters with odd numbers of carbons than the other organisms studied. Similar results were reported by Kudo et aE. (2 1) who compared N . seriolae (formerly ' Nocardia kampuchi' ; 23, 24) and ' Nocardia salmonicida ' (a fish pathogen) with nocardiae isolated from terrestrial sources.
It is clear given the unique combination of genomic and phenotypic properties that the strains isolated from diseased Pacific oysters merit species status in the genus Nocardia (1 1). It is, therefore, proposed that the strains from the infected oysters be assigned to the genus Nocardia as Nocardia crassostreae. 
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Oyster isolate NB4H Further taxonomic studies are required to determine the relationship between N . crassostreae and what would seem to be a similar organism isolated from a diseased giant gourami, Osphronemus goramy (1 9) . Such studies should provide insight into the host specificity and potential pathogenicity of nocardiae that infect aquatic hosts.
